Objectives-Methods to quantitate Chlamydia trachomatis have never been compared although it would be relevant to periodically evaluate the sensitivity of a detection system. We compared the sensitivity and reproducibility of culture, direct immunofluorescence and the polymerase chain reaction (PCR) to quantitate C trachomatis. Methods-A competitive semiquantitative PCR procedure was developed. The number of inclusions in culture, particles by direct immunofluorescence and DNA copies by PCR were measured for 12 patient specimens. Variation was determined by measuring a sample 10 times for each method. Results-Patient C trachomatis major outer membrane protein gene DNA was measured semiquantitatively by amplifying together with reference DNA. DNA molecules, particles and infectious units were quantitated in clinical samples with, on average, 595 DNA molecules and 87 immunofluorescent particles observed per inclusion-forming-unit. Similar coefficients of variation (47-52%) were observed for the 3 procedures. Conclusion-Competitive PCR and counting immunofluorescent particles provide reproducible and sensitive methods of quantitating C trachomatis. (Genitourin Med 1995;71:239-243) 
Introduction
Chlamydia trachomatis has been recognised in the last two decades as a major world health problem not only as the causative agent of trachoma but also as the second most common sexually transmitted disease pathogen and an often insidious cause of infertility and ectopic pregnancy. Despite an explosion in the number and variety of chlamydial antigen and nucleic acid detection procedures, the long and labour-intensive culture procedure for C trachomatis remains a "gold" standard for diagnosis largely because of its specificity.' The sensitivity of culture for this bacterium, however, is variable and depends on a number of factors relating to the fragility of C trachomatis, the variable potential of an elemen-tary body to initiate formation of an inclusion as well as the variability of cell culture systems.'-3 Indeed culture probably detects only 50-85% of the chlamydial infections that can be detected by the most sensitive polymerase chain reaction (PCR) or ligase chain reactionl'0 including commercially-available kits.8-10 At present, there is no recognised method to quantitate chlamydia and thus measure sensitivity directly although counting inclusions in culture or elementary bodies by direct immunofluorescence have been employed to provide an approximation. An ingenious method has been devised to use PCR to quantitate DNA copies by mixing known amounts of a modified template with the sample to be titrated, performing PCR and evaluating the relative amounts of DNA amplified from the modified template and sample." 12 We have used this quantitation scheme and immunofluorescent particle counts to titrate C trachomatis in order to evaluate the sensitivity of our culture procedure.
Materials and methods
Culture of C trachomatis C trachomatis was cultured from cervical samples taken with a Zelsmyr Cytobrush (International Cytobrush, Hollywood, FA) or urethral samples using a PN/UR (Prolabs, Richmond Hill, Ontario) cotton-tipped, aluminium swab. The swab or cytobrush tip was cut off into 2SP medium and sent, on ice, to the laboratory where it was frozen at -70°C prior to inoculation of 0.3 ml aliquots by centrifugation at 2,000 g for 1 h onto coverslips in shell vials that had been seeded three days previously with McCoy (Ortho, Markham, Ontario) cells. After three days in medium containing 1 ,ug/ml of cycloheximide, inclusions were revealed by immunoperoxidase (Ortho or Bartels, Bellevue, WA) staining. A low and a high inclusion count positive control were included every time centrifugationassisted infection was performed. The low inclusion count specimen was concocted by diluting tenfold in 2SP a pool of several clinical specimens that had given over 100 inclusions and freezing 0.3 ml aliquots at -70°C. These identical aliquots revealed 10 to 70 inclusions when cultured.
PCR sample extraction procedure Initially, chlamydial DNA for PCR amplification was extracted from residual 2SP medium by mixing with an equal volume of 2mM NaOH and centrifuging at 14,000 rpm for 5 min in a microfuge. The pellet was resuspended in 10 ,ul of 1 mM NaOH and heated at 80°C for 10 min. Subsequently equal volumes of clinical sample and lysis buffer (0-32 M sucrose, 10 mM TRIS HCl (pH 7.5), 5 mM MgCl2, 1% Triton X-100) were mixed and microfuged 5 min at 14,000 rpm. The pellet was resuspended in 5 pi of PCR buffer (Amersham, Oakville, Ontario) and 0.5,u each of 5% nonidet P-40, 5% Tween 20 and proteinase K (1 mg/ml) and incubated for 1 h at 56°C, then for 10 min at 950C. Primers for PCR Primers are named by the position of the 5' nucleotide sequence of the major outer membrane protein (MOMP) gene of the serovar C'3 considering as position 1 the start of the leader sequence. Opposite strand primers are identified by an R. The nested pair of PCR primers 001, 1077R, 076 and 1055R have already been described as primers 1, 2, 3, and 4, with the 3' nucleotides at positions 22, 1048, 95 and 1027 respectively.7 They were synthesised on a Pharmacia Gene Assembler by the Laboratory of Molecular Biology (Faculty of Medicine, University of Sherbrooke).
Modified DNA standard
The modified DNA standard necessary for competitive PCR was constructed from C trachomatis serovar L DNA amplified by primers 001 and 1077R by digestion with the restriction endonuclease HhaI, which cleaves the L2 MOMP gene at nucleotides 628, 640 and 1006. The two fragments carrying homology to the primers (nucleotides 1 to 628 and 1007 to 1077) were ligated together with T4 DNA ligase (Pharmacia, Montreal, Quebec) and then amplified using primer 001 and primer 1077R.7 The resulting product, truncated by 378 bp, was quantitated as follows: a fulllength C trachomatis PCR product was quantitated by ethidium bromide staining'4 and then used in four independent experiments to quantitate the modified standard by competitive PCR (see below). Three of the four experiments indicated the same number of DNA copies and this value was used in subsequent experiments. The fourth experiment indicated a copy number two times higher. The consensus value was confirmed in a threefold dilution series. Three copies were always detected by nested PCR whereas only two of the four tests with one copy and none of three tests with 0.33 copies were positive.
Competitive PCR Competitive PCR was performed by setting up four identical sample amplification reactions with a 10 (for samples with less than 10 inclusions), 100 (for samples with 25-50 inclusions) or 1000 (for samples with over 100 inclusions) fold dilution of sample to which were added 0, 10, 100 or 1000 copies of the modified DNA standard. PCR cycling was undertaken with 5 P1 aliquots of sample in 50,pl of PCR buffer (Amersham), including 1.25 units of hot tub polymerase (Amersham), 200,M dNTP (Pharmacia) and 1 pM primers. Reaction mixtures were submitted to 5 cycles of denaturation for 1 min at 94°C, reannealing for 5 min at 55°C and elongation for 3 min at 72°C followed by 35 cycles of denaturation for 1 min, reannealing for 1 min and elongation for 2 min. In the final step elongation was for 10 min. A 1 p1 sample was subjected to 30 cycles of PCR (1 min denaturation, 1 min reannealing, 2 min elongation with a final step of 10 min elongation) using the nested primer pair. Ten ul of amplified product were analysed on agarose gels and stained with ethidium bromide (fig  1) . The truncated control DNA migrated more rapidly than the sample DNA and could be readily distinguished. Visual inspection allowed determination of an approximate amount of sample DNA in comparison with the standard.
Quantitation by counting particles stained by direct immunofluorescence Aliquots (10 and 100 pl) of residual patient sample in 2SP were pelleted for 1 min in a microfuge, resuspended in 10 pul of distilled water and spotted in separate wells of a 10 well slide for immunofluorescence (Fisher, Toronto, Canada). After air drying and fixing with methanol for 10 min, 20 p1 of fluorescein-conjugated, monoclonal antibody to C trachomatis (MicroTrak, Syva, Ottawa, Canada) was applied to each well. After 15 min incubation at room temperature, the slide was rinsed with distilled water, dried, mounted with a coverslip and observed at 1000 x with a Leitz Diaplan microscope in order to count immunofluorescent C trachomatis particles. Wells containing 40 to 500 immunofluorescent particles were counted.
Statistical analysis
The same sample was evaluated separately 10 times. The standard deviation was calculated and then divided by the mean in order to obtain the coefficient of variation.'5
Results
Development of competitive PCR procedure The competitive PCR procedure was based on the nested PCR protocol we have employed to detect and type C trachomatis in urogenital7 16 and ocular samples.'7 The truncated positive control used in these studies was quantitated and employed as a modified DNA standard for quantitation experiments (fig 1) .
Initial quantitation studies employing the simple alkali DNA extraction procedure used previously in detection studies were conducted on clinical samples that had revealed fewer than 25 inclusions in culture, between 26 and 100, or more than 100 (see fig 2) . A few samples were also available that had proven negative by culture but positive by PCR. The 38 clinical samples tested that had given more than 100 inclusions (per 0.3 ml) in culture revealed an average of 1-7 x 106 DNA copies by quantitative PCR, those with 20 copies. These values would be multiplied by the appropriate dilution factor to obtain a copy number per 0.3 ml. 8 26-100 inclusions (n = 37) contained 31,000 copies, while those with fewer than 25 inclusions (n = 30) still contained an average of 5,200 copies of the chlamydial MOMP gene. . The A clinical sample was divided into 10 aliquots, each of which was separately extracted with the detergent-proteinase K procedure and quantitated by PCR. The sample revealed an average of 34,000 molecules and a standard deviation of ±17,800 indicating a coefficient of variation of 52.3%. On 10 separate occasions the number of inclusions observed in cells infected with the low inclusion count specimen (see Materials and methods) were counted by one of us (EF). An average of 41-6 (SD 19.6) inclusions were noted indicating a coefficient of variation of 47-1%. Each of 10 aliquots of a clinical sample was separately prepared and stained with fluorescein-labelled anti-C trachomatis monoclonal antibodies. The average number of particles counted by one of us (EF) was 378 (SD 180) with a coefficient of variation of 47-8%.
Comparison of quantitation procedures DNA molecules, particles and infectious units were quantitated in clinical samples from 12 patients (table 2) . On average, 595 DNA molecules and 87 particles could be counted per inclusion-forming-unit (ifu). The ratio of particles per ifu was slightly higher in samples with less than 100 inclusions than in those with more inclusions (135, SD 1 1 1 versus 21, SD 10). Samples with a "C" group serovar (Ia, J or K) showed a tendency towards a higher ratio of particles per ifu than those with Considerable variation was noted in the ratios of particle per ifu, DNA molecules per ifu and DNA molecules per particle (coefficient of variation > 100%) among the 12 specimens. The difference in these ratios observed between sexual partners 2967 Ur and 2968Cx was particularly high even though they harboured C trachomatis of the same serovar.
Discussion
The competitive PCR procedure for C trachomatis reported here gave a sensitive and reproducible assessment of the number of molecules of C trachomatis DNA in clinical samples when compared with counting inclusions produced in infected cells or particles stained by immunofluorescence. The sensitivity of culture for detection of C trachomatis was found to be approximately one inclusion for 595 DNA molecules. As there is only one copy of the MOMP gene per chromosome and probably only one chromosome per elementary body this would translate to a particle to infectious unit ratio similar to many eukaryotic viruses. The culture procedure we employed was similar to that used by many clinical laboratories but was not optimally sensitive in that specimens were usually frozen once at -70°C prior to culture and blind passage was not undertaken.'8 It would not have been feasible, however, to quantitate C trachomatis by culture after blind passage as it would have required using multiple dilutions at the primary isolation step. The deviation from one of the particle to ifu, DNA to ifu or DNA to particle ratio indicated that loss of infectivity and antigenicity occurred in the sample. As the coefficient of variation was higher among the 12 separate specimens than in an individual specimen tested 10 times, it could be concluded that loss of infectivity and antigenicity was variable among specimens. The composition of the specimen itself must have been an important factor in this loss of infectivity and antigenicity because samples taken from sexual partners carrying the same C trachomatis serovar and transported simultaneously displayed among the most widely variable particle to ifu, DNA to ifu and DNA to particle ratios of all 12 specimens. We observed a higher particle to infectious unit ratio than would be predicted from direct immunofluorescent observation of C trachomatis elementary bodies. Indeed culture has been shown to be at least as sensitive as direct immunofluorescence even when samples with only 1-5 immunofluorescent particles were considered positive.'920 Although this could be interpreted to imply that culture will be positive if the sample contains 1 to 5 elementary bodies, it is not clear that chlamydial particles can be as efficiently transferred from a swab to a glass slide for direct immunofluorescence as they can be released into 2SP medium for culture. It would be expected, however, that chlamydial particles in solution would be efficiently transferred to a glass slide by drying and fixing. Indeed, a recent evaluation of the sensitivity of C trachomatis detection procedures that also prepared MicroTrak direct immunofluorescence slides by pelleting chlamydia from transport media rather than by direct application from a swab also concluded that MicroTrak was as sensitive as PCR detection and considerably more sensitive than enzymatic assays.2' Other authors have also reported that immunofluorescentstaining particles can frequently be detected in 2SP medium from PCR-positive, culturenegative specimens. 69 We have identified two approaches for the routine quantitation of C trachomatis. In laboratories employing PCR, competitive PCR will yield reproducible and sensitive results if a modified template is employed such as that described here. Virtually any clinical laboratory could count immunofluorescent particles usually in the same clinical sample employed for another procedure. This would require centrifuging the sample in a microfuge in order to remove sample buffer components (such as sucrose or detergents) that would interfere with the binding of chlamydia particles to a glass slide. Indeed this simple procedure performed routinely on samples considered weak positive by antigen detection, culture or PCR would not only serve to confirm that they are indeed positive, but would also monitor the sensitivity of the detection procedure routinely employed.
